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STUDY OF ACOUSTIC IMPEDANCE
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LARGE SCALE OTW CONFIGURATION AT LANGLEY
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OTW SHORT-HAUL AIRCRAFT
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LHIGH MACH INLET \_DIGITAL CONTROL

1I-11




ENGINE CHARACTERISTICS

TAKEQFF
utw oW
BYPASS RATIO 121 101
FAN PRESSURE RATIO Lz L34
FAN TIP SPEED, FT/SEC 950 1162
OVERALL PRESSURE RATIO 143 1.3
THRUST, LB 17 400 20300
1-12

QCSEE UTW NACELLE AERODYNAMIC FLOWPATH
FORWARD THRUST

UPWASH
AIRFLOW,

C8-73078

REVERSE THRUST

AIRFLOW
/)

S
—
- CS-73089
1113
QCSEE EXLET AERODYNAMIC PERFORMANCE
QCSEE MODEL INLET TEST RESULTS
_ v
'S (‘ 1.00 vmr[\)"rc
TN ¥NOTS
VSISO KNOTS & 0
D % CONTRACTION 98—
HL RATIO, QCSEE GOAL™
80— Dy 19/ Dp2 —————= 80
70 1.56 PRESSURE . 96—
MAX FLOW 1.46 REC%VERY,
ANGLE, P_l
a, 0 L9 —
S0 % MRFLOW, Pg CLARE
13 ) 5 ANGLE
wok= 3 N N 6
30 | | | J ’ h
60 70 80 9% 100 —_
% MAX AIRFLOW cs-13085 ol 110 | 3|0 4Jo
-4 Cs 1088 EXIT FLARE ANGLE, DEG

I1-15



III. REFAN PROGRAM

Robert W, Schroeder




REFAN CONCEPT FOR AIRCRAFT NOISE REDUCTION

REDUCE JET NOISE (TAKEOFF)

DECREASE CORE JET VELCCITY (INCREASED TURBINE WORK)
DECREASE FAN DUCT JET VELOCITY (REDUCED FAN PRESSURE RATIO)

BASELINE ENGINE

REFAN ENGINE
REDUCE FAN NOISE (LANDING APPROACH)
USE SINGLE-STAGE FAN {REPLACES TWO-STAGE)
ACOUSTICALLY-TREAT ENGINE & NACELLE
-1

C3-72061

JT8D REFAN PROGRAM ELEMENTS

Cy 1972 cy 1973 Cy 1974 CY 1975

JASOND| JFMAMJJASOND| JFMAMJJASOND| JFMAMJJASOND

PHASE 1 ——
PHASE II

P & WA ENGINE DEV
BOEING 727 NACELLE DEV
DOUGLAS DC-9 NACELLE DEV | v
BOEING 727 GROUND TESTS
DOUGLAS DC-9 FLIGHT TESTS

T
|
{
[

i
b
|
!
|
1
|
1
|
]

—
T —
-
AMERICAN AIRLINES ——
UNITED AfRLINES -

©s-73038
I-3

COMPARISON OF BASELINE JT8D-9 AND
REFAN JT8D-109 ENGINES

BASELINE REFAN

THRUST, SLS, LB 14 500 16 600
FAN 2-STAGE 1-STAGE
INLET GUIDE VANES YES YES
FAN DIAM, IN. 40.5 49,2
INLET DIAM, IN. 425 54.5
LENGTH, IN. 120 14
ENGINE WEIGHT (DRY), LB 328 3780
TOTAL AIRFLOW, SLS, LB/SEC 319 467
FAN PRESSURE RATIO 197 1.67
FAN TIP SPEED AT TO, FT/SEC 1420 1600
BYPASS RATIO 105 203
TURBINE INLET TEMP, OF 1766 1766
PRIMARY JET VELOCITY, FT/SEC 1766 1445
MIXED JET VELOCITY, FT/SEC 1470 1140

115 Cs-73027

AIRCRAFT NOISE REDUCTION GOALS

SIGNIFICANT REDUCTION IN NOISE EXPOSURE CONTOUR AREA
REDUCTION IN LANDING APPROACH & TAKEOFF NOISE AT FAR PART-36
MEASURING STATIONS BY ABOUT 6-10 EPNGB
I
RUNWAY THRESHOLDm\J'

,~BASELINE AIRCRAFT
~REFAN AIRCRAFT

i
— LANDING APPROACH —{ — TAKEOFF/CUTBACK ——————
(FAN NOISE) { {JET NOISE)

CS-73033

-2

PRODUCTION AND REFAN ENGINE COMPARISON

PRODUCTION JT8D-9
. TWO FAN STAGES -
\

P ]

Y C FOUR LOW COMPRESSOR STAGES
it

SINGLE / 1! I"ENGINE CORE COMMON AFT OF NN
/11 THIS LINE EXCEPT AS STA .
St SSTATED  new arwsTaGEBLADES
(3

TWO ADDITIONAL LOW COMPRESSOR STAGES REVISED FLANGE "M

REFAN JT8D-109

CD-11670
C5-69528
11-4
ENGINE TEST PROGRAMS (P & WA & LeRC)
cY972{  CY 1973 CY 1974 CY 1975
JASOND| JFMAMJJASOND | JFMAMIJASOND| JFMAMJJASOND)
TEST ENGINE NO. 1 (655 HR) :
STRESS, PERFORMANCE - |
ENDURANCE, LOW CYC FAT, L] - |
CORE NOISE - !
FAA ENDURANCE L] i
TEST ENGINE NO, 2 325 HR) :
STRESS, PERFORMANCE - |
TURBINE STRUT EVALUATION ' |
NOISE 1w
NACELLE & THRUST REV (DAC) ™ }
TEST ENGINE NO. 3 (220 HR) |
SLS CALIBRATION (P & WA) ' i
ALTITUDE TESTS {LeRC) - i

CS-73037

111-6



REFAN ENGINE NO.| AT P&WA

REFAN ENGINE NO. 3 IN ALTITUDE TEST FACILITY AT LeRC

1I-7

727 SIDE—ENGINE NACELLE COMPARISON

BASELINE JT8D-9 (HARDWALL) TCLAMSHELL TIR
\

7.5

gl
// “TARGET-TYPE TIR
ALUMINUM-BRAZED

e REFAN JT8D-109 (CONFIG 1)

s REFAN JT8D-109 (CONFIG 2)* TITANIUM ACOUSTIC
HONEYCOMB PANELS
*ALSO HAS CONFIG 1 TREATMENT. ©$-72960
1119

727 CENTER ENGINE & S—DUCT INLET
REFAN ACOUSTIC TREATMENT CONFIGURATION

I /// \‘\\\\
LEAN DUCT TREATMENT \\\
EXHAUST DUCT TREATMENT®

o (SAME AS FOR SID
$-DUCT TREATMENT (VARIOUS E ENGINES)

SEGMENTS TUNED) €s-73035
1II-11

II1-8

727 EXHAUST DUCT ACOUSTIC TREATMENT
ALUMINUM-BRAZED TITANIUM HONEYCOMB PANELS

~_ "-PERFORATED INNER SKIN
' -HONEYCOMB CORE

\
\\ Cx *~S0LID OUTER SKIN

CS-73036

I1I-10

S-DUCT MODEL IN 20-INCH FAN RIG AT LeRC

r-12




REFAN 727 SIDE-ENGINE NACELLE
AT BOARDMAN TEST SITE

C8-73023

111-13

727-200 ACOUSTIC PERFORMANCE COMPARISON
GROSS WEIGHT, 172500 LB

POSITION FAR 36, | BASELINE, | REFAN #1, | BASELINE
EPNdB | EPNdB EPNdB | -REFAN,
AEPNGB

SIDELINE 104.4 9.9 92.8 7.1
TAKEOFF/5° FLAPS 9.0 107.4 9.9 8.5
CUTBACK 9.0 100.0 92.4 7.6
APPROACH/A(® FLAPS | 104.4 109.5 102.5 7.0
APPROACH/30° FLAPS | 104.4 108.2 100.9 7.3

NOISE LEVEL, | NOISE EXPOSURE CONTOUR AREA®, SQ MI
[ EPNdB BASELINE | REFAN | AREA REDUCTION,
| %

e 9.1 3.0 6

L % Z.6 1.2 7

40% APPROACH FLAPS.

] Nt

171 \\

{1 1 PRECSHR P
h NOISE comougs AT O'HARE

III-14

FIRST FLIGHT OF DC-9 REFAN AIRPLANE

111-16

C$-73031




0C-9 NACELLE COMPARISON

BASELINE NACELLE - JT8D-9
2021IN.

r —
om-ssm.{ { J
Jd .
[ r
Dpnay = 64 IN.! % J
max le —— - —
e sIN— .

REFAN NACELLE - JT8D-109
C8-73032

-7

90 EPNdB NOISE EXPOSURE CONTOURS FOR DC-9
S(° APPROACH FLAPS
61% AREA REDUCTION /BASELINE 7.7 50 M

5 ~REFAN 3,0 SQ MI

/

LANDING WITH TAKEOFF WITH
3% APPROACH CUTBACK
1 1 1 1 1 1

-4 -2 0 2 4 6
N M CS-73034

NM 0

.5

1I-19

DC-9 ACOUSTIC PERFORMANCE COMPARISON
GROSS WEIGHT = 108 000 LB

POSITION FAR 36, | BASELINE, | REFAN, | BASELINE
EPNGB | EPNGB | EPNdB | -REFAN,

AEPNGB
SIDELINE 18.1 100 <] 7
TAKEOFF %.6 13 [;] 10
TAKEOFF/CUTBACK %.6 97 87 10
APPROACH/50C FLAPS | 103.1 18 97 6
APPROACH/35° FLAPS | 103.1 101 9% 5

90 EPNdB NOISE EXPOSURE CONTOUR AREA™, SQ M
BASELINE REFAN AREA REDUCTION,
%

.7 30 61
*500 APPROACH FLAPS. Cs-73030
I11-18

FAA TAKEOFF FIELD LENGTH COMPARISON
DC-9 BASELINE VS REFAN

1o~ IT80-9 BASELINE
———— ITD-109 REFAN
100
TAKEOFF
GROSS /
WEIGHT 5000 LB ATOGW
11000 LB) {7500 LB APAYLOAD}
-
(
]
7 I | L
) 3 4 5 ;
cs 100 FAA TAKEOFF FIELD LENGTH {1000 FT)
111-20




IV.

COMBUSTION AND EMISSION TECHNOLOGY

Jack Grobman, Chairman
David N. Anderson
Larry A. Diehl

Richard W, Niedzwiecki



SCOPE

WHAT 1S AIRCRAFT POLLUTION PROBLEM?

WHAT ARE AIRCRAFT POLLUTION STANDARDS?

WHAT IS EFFECT OF ENGINE OPERATING CONDITIONS ON AIRCRAFT

POLLUTANTS 7

HOW CLOSE ARE PRESENT-DAY ENGINES TO MEETING STANDARDS?

WHAT PROGRESS HAS BEEN MADE IN EMISSION REDUCTION
TECHNOLOGY ?

Cs-73136

v-1

EPA ENGINE EMISSION STANDARDS

AIRCRAFT ENGINE POLLUTION
LOW ALTITUDE, <3000 FT

ENGINE EMISSION ENVIRONMENTAL EFFECT

co TOXIC GAS

THC {TOTAL HYDROCARBONS) 0ODORS
PHOTOCHEMICAL SMOG

NO, TOXIC GAS
PHOTOCHEMICAL SMOG
SMOKE VISIBLE

PARTICLE DEPOSITION

v-2 C3-73135

- po— APPLCATION EPA LANDING-TAKEOFF CYCLE
CLASS
00 — — — — — — — - —— —
n TURBOFAN/TURBOJET < 8000 LB | GENERAL AVIATION |
THRUST CLMBOUT~._ |
2 TURBOFAN/TURBOJET > 8000 LB | WIDE-BODY TRANSPORT ALTITUDE, 1\ apprOACH
THRUST FT o
B IT3D MODELS B707, DC-8 100 Taxynote :’ \ TAxiiDLE
T4 | JTSD MODELS B727, BT37, DC-9 oun TAKEOFF =, \\ﬂ"” L
™ SUPERSONIC CRUISE ENGINE | SUPERSONIC TRANSPORTS e —'5‘ = ‘1'0' = ‘1‘5‘ -z zlo’les ‘310
P2 TURBOPROPS GENERAL AVIATION TIME, MIN CS-Ta144
v-3 Cs-13146 Iv-4

AIRCRAFT ENGINE EMISSIONS

TYPICAL T2 CLASS ENGINE EMISSIONS

o 0O co
70 1 S THC M
NO,
ol REQUIRED 1979
LEVELS
EMISSION 90
WX, ol
POLLUTANT
KG FUEL 451 M e/
ol PRIMARY SECONDARY
ZONE ZONE
10
0 i APPROACH TAXIIDLE

TAXIIDLE  TAKEOFF  CLIMBOUT
Cs-73165 oumn AN}




EMISSIONS REDUCTION AT IDLE

{DLE POLLUTION CONSIDERATIONS

PRINCIPAL [DLE POLLUTANTS: CO & THC

PRINCIPAL CAUSES: LOW VALUES OF FUEL NOZZLE
PRESSURE DROP, FUEL/AIR RATIO, COMBUSTOR ATOMIZED SPRAY
INLET TEMP & PRESSURE

POLLUTION MECHANISM CORRECTION :D-

TULIP SPRAY AIR ASSIST NOZZLE

POOR ATOMIZATION & |IMPROVE ATOMIZATION &

DISTRIBUTION DISTRIBUTION
POOR COMBUSTION | INCREASE EQUIVALENCE
STABILITY RATIO TO 1
QUENCHING INCREASE RESIDENCE TIME
REDUCE VELOCTY AIR SCHEDULING AR BLAST NOZZLE
DELAY MIXING FUEL SCHEDULING
CS-13148 [
V-7
V-8
EFFECT OF IMPROVING FUEL ATOMIZATION EFFECT OF FUEL AND AIRFLOW SCHEDULING
80 — ON IDLE EMISSIONS
100—
@ 80— £o
EMISSION INDEX, 60— co
o/KG FUEL b % OF BASELINE
40_
L co THC
» ol
THC
| | THC 0
0 0 » o FUEL SCHEDULING FUEL & AIRFLOW
STE AIR-ASSIST DIFFERENTIAL PRESS., PSID ONLY SCHEDULING
v-9 V10

EFFECT OF FLAME TEMPERATURE ON NOx
FULL POWER POLLUTION CONSIDERATIONS

80—
PRINCIPAL POLLUTANT: NO.
PRINCIPAL CAUSES: HIGH JALUES OF COMBUSTOR INLET TEMP,
PRESSURE, & FUELIAIR RATIO
60—
POLLUTION MECHANISM CORRECTION
HIGH FLAME TEMP LOWER FLAME TEMP BY NO, EMISSION
ADDING DILUENTS WATER) DX, |
BURNING LEANER MIXTURES g NO,
PREMIXING FUEL & AIR RSO
PREVAPORIZING FUEL
EXCESSIVE RESIDENCE TME | REDUCE RESIDENCE TIME BY 20—
INCREASING VELOCITY
RAPID QUENCHING
C5-73149 0 | l I
V11 00 3000 3400 300 40

FLAME TEMP, OF cs-1a152
v-12



EFFECT OF RESIDENCE TIME ON NOx

EFFECT OF WATER INJECTION ON NOx
30— 100
M —— — — — — — — = EQUILIBRIUM 80
NO, EMISSION 60
INDEX, - % REDUCTION
160
9 NO; 0
KG FUEL
80— 2
| 1 J .5 L0 L5 20
0 2 I s cemonz WATER-FUEL RATIO
RESIDENCE TIME, mSEC s 3o N-1a
v-13
PREMIXED PRIMARY ZONE TEST SECTION
WATER INJECTION ASSOCIATED PROBLEMS
FUEL
DEMINERALIZED WATER REQUIRED 4N
1[&@1| B
- - L.
ANTIFREEZE PROTECTION | e
AIRPORT LOGISTICS i e SAMPLE
i £ PERFORATED
NOT A SOLUTION FOR CRUISE NO, EMISSION ARENED FLAMEHOLDER
v-15 v-16
C8-73520

CS-73137

100,

PREMIXED NITROGEN OXIDES EMISSIONS

EFFECT OF RESIDENCE TIME ON
NITROGEN OXIDES EMISSIONS
10 ®
JHEURE ICAL —06
50 5
EMISSION INDEX, 10 - GASEOUS-FUEL DATA
9 NO,
KG FUEL 5

EMISSION INDEX,
q NO,

KG FUEL
,~ LIQUID-FUEL DATA
O

.5
1/"
/—_
5.6 T .8

6 .8 .9 LO
EQUIVALENCE RATIO
N-17

C8-73158

CS-73159

.4
5

1.0 L5 20 25 3.0
RESIDENCE TIME, m$

w-18




COMBUSTION EFFICIENCY AND NOx EMISSIONS SCHEMATIC OF CATALYTIC COMBUSTOR

mr g
COMBUSTION EFF,
)
[ >%.7
B3 9.070 %.7 FUEL
EMISSION INDEX, 29,0
g NO, l
KG FUEL 5
INLET = < =] RLACTANTS
AR —— I i
|
| i i
. | L cATAYTIC |
e T REACTOR
.5 10 L5 20 25 3.0 PREMIXING - { )
Lt RESIDENCE TIME, mS PREVAPORIZING ~ “-DIFFUSER
SECTION
V-19
V-2
CATALYTIC REACTOR COMBUSTICN EFFICIENCY
100
F CATALYTIC COMBUSTOR
DEVELOPMENTAL PROBLEMS
o0l— OPERATING RANGE
DURABILITY
POISONS
FOREIGN OBJECT DAMAGE
COMBUSTION EFF, Q COLD START
% 80— IDLE
FUEL PREPARATION
70— V-22
60
Az 2005 .30 .35 .40 .45
EQUIVALENCE RATIO
v-21
EXPERIMENTAL MODULAR COMBUSTOR HIGH TEMPERATURE SWIRL CAN COMBUSTOR
CROSS-SECTIONAL VIEW

FUEL

MODULE COMPONENTS
FUEL

[
AIRFLOW. %

CARBURETOR  SWIRLER  FLAME
STABILIZER v-24

CS-64851

v-23




NO, EMISSIONS WITH COMBUSTOR-INLET

TEMPERATURE OVERALL POLLUTION CONSIDERATIONS
6 ATM COMBUSTOR PRESSURE
28— COMBUSTOR
CONVENTIONAL POLLUTANT REDUCTION APPROACH
20—
O & THC NOy
NO, EMISSION 16| DOUBLE-ANNULAR :
LNgg; BURN STOICHIOMETRIC MIXTURE BURN LEAN MIXTURE
KG FUEL 12—
o MAXIMIZE RESIDENCE TIME MINIMIZE RESIDENCE TIME
8 IMPROVE FUEL ATOMIZATION & DISTRIBUTION
CS-73138

Iv-26

§:.-
g
g

1200
o

C$-73143

EMISSIONS REDUCTION TECHNOLOGY PROGRAMS

EMISSIONS REDUCTION TECHNOLOGY PROGRAMS

OBJECTIVES

TO INVESTIGATE & DEVELOP NEW COMBUSTOR CONCEPTS WITH ENGINE CLASS ENGINE DEMONSTRATION

STATUS

POTENTIAL FOR SIGNIFICANTLY LOWER EMISSION LEVELS
TO DEMONSTRATE THE EMISSIONS REDUCTION BY ENGINE TEST

T AIRESEARCH TFE 731
PROGRAM PLAN

CONTRACTED PROGRAM T2 g;’iﬁ!‘r“é %&fTTNRE'\E fo)‘;570 }
MULTIPHASE PROGRAM

PHASE I - SCREENING T4 PRATT & WHITNEY JT8D-17
PHASE II - REFINEMENT

PHASE III - ENGINE DEMONSTRATION

P2 ALLISON 501D22

PHASE T INITIATED

PHASE 1 COMPLETE,
PHASE II INITIATED

PHASE I INITIATED

PHASE T INITIATED

Cs-73140
-1 V-8

EXPERIMENTAL CLEAN COMBUSTOR PROGRAM
1-2 CLASS ENGINE

THRUST - 43 500 LB MAX ¢
PRESSURE RATIO - 22.1

'ﬂ%ﬂ}‘\ﬂ‘?—" =

J

THRUST - 50 000 LB MAX
PRESSURE RATIO - 30:1

CF6-50 G.E.

W-29

CS-73145




EXPERIMENTAL CLEAN COMBUSTOR PROGRAM
POLLUTION GOALS 9D ENGINE

T-2 CLASS ENGINES _ : —

T 7, o N

> Si=CPor STAEE\'{

15—

Sz \
-3 =

T ® STAGE -

POLLUTANT | ENGINE | 1979 [ JT9D-7 ENGINE|CF6-50 ENGINE Ve, -

HYBRID COMBUSTOR

MODE | REQD | CURRENT | CURRENT 3 gt
VALUE VALUE VALUE “FUEL 4
NOy, g/KG TAKEOFF 13 32 36 _— — e
CO, g/KG IDLE 22.5 5 67 - )
THC, g/KG IDLE 4.5 7 bl - VORBIX COMBUSTOR
SMOKE, SAE NO.| TAKEOFF <5 12 15
CS-73150
CS-73147
Iv-30

Iv-31

EXPERIMENTAL CLEAN COMBUSTOR PROGRAM
CF 6-50 ENGINE

VORBIX COMBUSTOR

;
S Nt !
1 N
D= /“"'—!ﬁﬁN >

D g STAG
N H=—=—" =

Pt ,

= Fosmee o~

N
RADIAL/AXIAL STAGED COMBUSTOR

DOUBLE ANNULAR COMBUSTOR
Cs-13157

v-33
1v-32

POLLUTI
RADIAL/AXIAL STAGED COMBUSTOR ON REDUCTION STATUS

80r ECCP - T-2 CLASS ENGINES
M

70—
m CJ CURRENT ENGINE VALUES

0 COMPONENT TEST RESULTS

EE3 1979 REQUIREMENTS
50—
EMISSION INDEX,
g POLLUTANT 40—
KG FUEL

30—

20—

10—

Cs-73141
0 i

Cs-73166

L A4
CO (IDLE) THC (IDLE) NO, (TAKEOFF)

Iv-35




TECHNOLOGY CHALLENGES FOR PHASE IT -
CURRENT EFFORT
T-2 CLASS ENGINES

POLLUTION:
ADDITIONAL IDLE & TAKEOFF REDUCTIONS
FUEL STAGING AT PART POWER
EPA CYCLE DATA

PERFORMANCE:
EXIT TEMP
ALTITUDE RELIGHT
DURABILITY

DESIGN:
SIMULATED ENGINE FUEL CONTROL SYSTEM

Cs-13517

V-3

TECHNOLOGY CHALLENGES FOR PHASE III -
FUTURE EFFORT

ENGINE TESTS
DESIGN:
COMBUSTOR/ENGINE INTERFACE
POLLUTION:

AUTHENTICATE POLLUTION REDUCTIONS FOR EPA CYC

INVESTIGATE SAMPLING TECHNIQUES .
PERFORMANCE:

ACCELERATION/DECELERATION CHARACTERISTICS

FUEL STAGING THRUST TRANSIENTS

POLLUTION & PERFORMANCE:
DETERMINE TRADEOFFS

Cs-73518

-3

EXHAUST EMISSION POLLUTION REDUCTION

PROGRAM GOALS
T4, T1, & P2 CLASS ENGINES

PHASE III| THC, g/KG | CO, gKG | NO,, g/KG | SMOKE, SAE
ENGINE (IDLE) (IDLE) (TAKEOFF) | (TAKEOFF)
PRES. | 1979 | PRES. | 1979 |PRES.| 1979 | PRES. | 1979

REQD REQD REQD REQD

JT8D-17 8 | 21| % |122| @ 5 12530 | <5
TFET31 B|s | @ |5 2 | 12 |34 40
501022 B |6 | |3 10| 16| 5 »

CS-73164
V-8

TFE-73I COMBUSTOR

v-

3




POLLUTION REDUCTION TECHNOLOGY PROGRAM

T1 CLASS, TFE-731 ENGINE
MAIN STAGE L FUEL

BLEED

PILOTED PREMIX/PREVAPORIZATION FUEL
INJECTION

C8-72832

V-4

ALTITUDE CRUISE NOx REDUCTION

Zor 18-20
15—
EMISSION
INDEX,
_gho, 10 -
KG FUEL
L
0.5-1.5
o = 0025
s 73186 CURRENT  ADV EXPTL  PREMIXED CATALYTIC
SST COMB. FLAME TUBE REACTOR

Iv-41

ASSESSMENT OF EMISSIONS REDUCTION TECHNOLOGY

TECHNIQUES REQD ENGINE
MODIFICATION
LOW POWER;
AIR-ASSIST .. .. ........ MODERATE
FUEL PREPARATION  AIR-BLAST. . ... ... .. ... MODERATE
FUEL SCHEDULING . . .. . . . . MODERATE
FULL POWER:
WATER INJECTION . . ... oovoeereannes MODERATE
i MODULAR + .+« -1 1. MAJOR
LEANER FUEL-AIR MIXTURES  ppriix-PREVAPOR, . . VERY MAJOR
CATALYTIC REACTOR . . ... .evrnnnnns EXTREME
ALL POWER LEVELS:
MULTIPLE BURNING ZONES . . . . .. .. ......... MAJOR
VARIABLE GEOMETRY .. .. ................ VERY MAJOR

€S-72976




V. UPPER ATMOSPHERE POLLUTION MEASUREMENTS (GASP)

Richard A. Rudey



PROPERTIES OF EARTH'S ATMOSPHERE PROPERTIES OF EARTH'S ATMOSPHERE

12000 .
RN ~OZONE LAYER
10— - ~_ ABSORBS SOLAR WV
STR;}L%SL:HERE o S NATURAL VARIABILITY
o= LONG RESIDENCE TIME 80—
ALTITUDE, g0} ALTITUDE,

T L T 60}—
o TROPOPAUSE: = 40— 7
T i . A

TURBULENT
0 SHORT RESIDENCE TIME o NATURAL VARIABILITY
TEMP, INCR—= oo CONCENTRATION, INCR——= o 72100

V-la V-1b

U2 AIRCRAFT USED FOR ATMOSPHERIC
AIR QUALITY MEASUREMENTS

AMES RESEARCH CENTER

UPPER ATMOSPHERE EMISSIONS

ENGINE EFFLUENT POTENTIAL ENVIRONMENTAL EFFECT

NOy REDUCTION IN OZONE
S0, INCREASE IN SULFATES
WATER VAPOR INCREASE IN CLOUDS
PARTICULATES INCREASE IN PARTICLES
Cs-73128
V-2

WB-57F AIRCRAFT USED FOR ATMOSPHERIC

AIR QUALITY MEASUREMENTS
JOHNSON SPACE CENTER

GLOBAL ATMOSPHERIC SAMPLING PROGRAM (GASP)

OBJECTIVES
OBTAIN UPPER ATMOSPHERE BASELINE DATA
ASSESS POTENTIAL ADVERSE EFFECTS OF EXHAUST EMISSIONS

APPROACH

INSTALL & OPERATE AUTOMATED INSTRUMENT SYSTEMS ON
COMMERCIAL 747 AIRCRAFT

ACQUIRE GLOBAL AIR QUALITY DATA DURING ROUTINE AIRLINE
OPERATION

DOCUMENT & ANALYZE DATA FOR A PERIOD OF 5 TO 10 YR

Cs-73127

V-4

V-3b




PARTICULATES GASES
NUMBER DENSITY 0ZONE
SIZE DISTRIBUTION WATER VAPOR
MASS CONCENTRATION OXIDES OF NITROGEN
CHEMICAL COMPOSITION CARBON MONOXIDE
SULFATES CARBON DIOXIDE
NITRATES CHLOROFLUOROMETHANES RECORDER 1
CARBON

GASP CONSTITUENT MEASURING SYSTEM

GASP MEASUREMENTS

RELATED INFORMATION

GEOGRAPHICAL LOCATION
METEOROLOGICAL CONDITIONS
AIRCRAFT OPERATING CONDITIONS

C€$-73126

V-5

\

GASP SYSTEM INSTALLATION

INSTRUMENTS

V-Ta

FIRST OPERATIONAL GASP AIRCRAFT ROLLOUT
AT UNITED AIRLINES (DEC 10, 1974)

PROBE DETAIL

V-7b

-sDp -Dmcu



GASP PARTICIPATING AIRLINES

INSTALLATION, LATE 1975

V-8

GASP ROUTE STRUCTURE

EQUATORIAL




GASP DATA
CHICAGO TO HONOLULU; UNITED 747

50
tanTue, ® L
oN ALTITUDE, FT
% 31100
35100 ———~ —~f
2
800
600,
OZONE,
prgy 400
200
0
160 140 120 100 30
LONGITUDE, W cs 101
V-10a

PARTICLE SIZE DISTRIBUTION
SAN FRANCISCO TO HONOLULU, 39 000 FT

7_
10 \_ MODEL FOR GROUND LEVEL
\ JUNGE)
105 \
|
100 \
DENSITY, N
PARTICLES 107 \
M3 \
18- \
102
ol | IR
.1 1 10 20
PARTICLE DIAM, uM CEramsa

V-11

GASP DATA
CHICAGO TO HONOLULU; UNITED 747

STATIC
AIR TEMP,

WIND
DIRECTION,

DEG
180 L

150

WIND SPEED, o
KNOTS s ];*\.,., %, d
1] E— L J I

160 140 120 100 80
LONGITUDE, °W Ccs-73133

r

V-10b

¥ GASP INSTRUMENT EVALUATION ON AMES CV-930 N

UPPER ATMOSPHERE PARTICLE SAMPLING WITH F-106

PARTICLE SAMPLER POD

PURPOSE

FLIGHT EVALUATION OF PARTICLE
MEASUREMENT EQUIPMENT, OPERATIONAL
PROCEDURES AND SAMPLE ANALYSIS
TECHNIQUES, AND SUPPLEMENTAL FLIGHT
DATA ACQUISITION FOR THE GLOBAL AIR
SAMPLING PROGRAM

FILTER CARTRIDGE
FLOWMETER

PARTICULATE FILTER INSTALLATION
V-12b



GASP DATA FLOW CHART

747 AIRCRAFT NASA AIRCRAFT

NASA, LeRC
COMP CENTER

I

DATA COMPACTING
& FORMATING

i

NOAA NASANOAA NASA, LeRC
DATA STORAGE ANALYSIS DOCUMENTATION
CENTER & ANALYSIS

cs-73125
v-13

IMPACT OF AIRCRAFT EMISSIONS IN UPPER ATMOSPHERE
1S UNCERTAIN

GLOBAL DATA BANK OF UPPER ATMOSPHERE DATA IS
NEEDED

LEWIS GASP WILL PROVIDE SIGNIFICANT INPUT

AEROSPACE INDUSTRY INTEREST & ASSISTANCE INVALUABLE

V-14 cs-1a124



VI. FUEL-CONSERVATIVE ENGINE TECHNOLOGY

James F. Dugan, Jr., Chairman
John E. McAulay
Thaine W, Reynolds
William C, Strack



FUEL CONSERVATION

PROBLEM
DWINDLING OIL SUPPLY
RISING COST OF FUEL
SOLUTIONS
INCREASE FUEL SUPPLY
USE FUEL MORE EFFICIENTLY

C5-73005

VI-1

OIL SUPPLY

IMPORTED

WHICH AIRCRAFT USE THE FUEL?

1970 DATA
MILITARY
TRANSPORT|
TYPE
ENGINES COMMERCIAL o
80% TRANSPORTS
AL_AVIA
CS-73015
VI-5

DOMESTIC

CS-73004

COMPARISON OF U.S. RESOURCES

olL PROVEN
ESTIMATED TOTAL
SHALE RECOVERABLE
{CO, UT, WY) [ESTIMATED TOTAL
|DENTIFIED ]
0A
CoAL ESTIMATED TOTAL ]
| | | 2
0 2 6 8 110!
BARRELS OIL EQUIVALENT
L | 1 _
0

200 400
SUPPLY AT CURRENT TOTAL ENERGY USE RATE, YR

VI-71

CS-73123

OIL USAGE

BARRELS/
DAY

YEAR CS-73011

ARE AIRCRAFT INEFFICIENT 2

2000-MILE TRIP
150—
100—
REVENUE
PASSENGER
MILES/GAL S
50— k\\\ §
N

CS-73010

8uUS AUTO TRAIN  AIRPLANE

U.S. AIRLINE AVERAGE FUEL PRICES

40— TRANSATLANTIC
30—

¢/GAL DOMESTIC
m/
b (o] S T 0 A B | T W O O | l
JUNE AN JUNE AN
1973 1974

€8-73003

vi-o

HYDROGEN REQUIREMENT FOR PROCESSING

COAL
(3-6% Hyb

GASOUNE,
JET FUEL,
OIL SHALE OiLs, ETC
1% Ha)
(4% Hy
HIGH AROMATICS (LOW HIC)
GOOD IN CARS
BAD IN JETS s 13120
VI-8




EFFECT OF HYDROGEN CONTENT OF FUEL
JT8D COMBUSTOR; SIMULATED CRUISE CONDITIONS

1400—
1300}
MAX LINER
TEMP, 1200} —
oF

1100—

1000 l ‘ 2

12 1 u B 16

Cs-73746 HYDROGEN, WT %

vI-%

ALTERNATE FUELS EVALUATION PROGRAM

PERFORMANCE EVALUATION
VOLATILITY
HIC RATIO
FREEZING POINT

COMPONENT TECHNOLOGY DEVELOPMENT
COMBUSTORS
FUEL SYSTEMS
MATERIALS

CHARACTERIZATION & PROCESSING
PHYSICAL PROPERTIES
CHEMICAL ANALYSES
THERMAL STABILITY

€S-73119

VI-11

USE FUEL MORE EFFICIENTLY

CURRENT ENGINES
RESTORE LOST PERFORMANCE
USE ADVANCED TECHNOLOGY (N DERIVATIVE ENGINES

FUTURE ENGINES
THIRD GENERATION TURBOFAN
UNCONVENTIONAL ENGINES

CS-73006

VI-13

ENGINE PERFORMANCE DETERIORATION

10—
% AS.F.C. 51—
€5-73103 0

INCREASING ENGINE TIME ===

VI-15

DISTRIBUTION OF PETROLEUM TO FINISHED PRODUCTS

% OF TOTAL
LPG, PETROCHEMICALS 7
GASOLINE I
§ JET FUEL (7) + KEROSENE (3) 10
DIESEL, HOME HEATING, 32
INDUSTRIAL FUEL OILS
LUBE OILS, ASPHALT, COKE 6
Cs-73122
VI-10
COMPONENT DEVELOPMENT AREAS
~COMBUSTOR

FUEL TANK J
/
FUEL SYSTEM HEAT— cs-13121

VI-12

US. AIRLINE FUEL CONSUMPTION BY ENGINE TYPE

- T
I NEW HIGH

500N\ avpass

ANNUAL M
CONSUMPTION,
BiLuoNs ~ 10P%%
OF GAL

0

/// Wi,
URRENT [OW BYPASS
-
7 Vi 4////4

0
1970 1975 1980 1985 19%
YEAR C8-173195

VI-14

MODERN TURBOFAN ENGINE

+—COMPRESSOR
9

EXHAUST
NOZZLE

\
/
COMBUSTOR—/ LTURBINE

CS-73194

Vi-16




PERFORMANCE DETERIORATION

ENGINE REPAIR~
i

INCREASING <
S.F.C. “ “-REPAIRED ENGINE
g PERFORMANCE

cs-73192

INCREASING ENGINE TIME ===

V-7

FUEL—MAINTENANCE TRADE—-OFF

INCREASING
cosT

INCREASING MAINTENANCE EFFORT ==e-

CS-73191

VI-19

DERIVATIVE ENGINES
MODERN HIGH BPR TURBOFAN

DESIGN CHANGE AFUEL, ADOC,
% *

IMPROVED FAN AERO 028 -1
COMPOSITE BLADES -.60 -.53
COMPOSITE FRAME - -.19
HYDRODYNAMIC SEALS -.50 +.10
ADV HPT BLADE MATERIAL -.62 +13
ADV SHROUD MATERIAL -.19 -.08
HPT CLEARANCE CONTROL -85 -.16
MIXED FLOW COMPOSITE NACELLE -3.9 -L47

Cs-13718

vI-a

TRENDS IN AIRCRAFT ENGINE FUEL CONSUMPTION

& TURBOJETS
LOW BPR

TURBOFANS ™~
LB

/
HIGH BPR TURBOFANS { DERIVATIVES
\

O ~—
TURBOPROPS

LO—

RELATIVE
SFC

FUTURE
ENGINES
4 | | | J

1950 1960 1970 1980

YEAR €s-73013

VI-23

19%

!

INCREASING
S.F.C.

PERFORMANCE DETERIORATION CAUSES

ENGINE REPAIR~
/

- FAN-COMPRESSOR
EROSION
FOREIGN OBJECT

& DAMAGE
SURFACE

—
REPAIRED ENGINE ROUGHNESS

PERFORMANCE
2 SEAL LEAKAGES
15 TURBINE

INCREASING ENGINE TIME = €s-73196

vI-18

FUEL—MAINTENANCE TRADE-OFF

12—
S.£.C. REDUCED 7%
HIGHER D.0.C.
s e
AN
* A “-BREAK EVEN D.0.C.
MAINTENANCE
COSTS
4 LOWER D.0.C.
0 I | ]
10 P2 30 I

FUEL COSTS, ¢/GAL

C$-73197

vI-20

FUEL SAVINGS OF DERIVATIVE ENGINES

1-5
6
7

MODIFICATION MAX ASFC,
%
AERODYNAMICS, SEALS, CLEARANCES 4
MIXED EXHAUST OR 3
NOZZLE REDESIGN & REMOVE PRIMARY REVERSER 2
©5-73008
vI-2

FROM FUEL TO USEFUL POWER

THRUST
USEFUL POWER = THRUST x FLIGHT VELOCITY

AVAILABLE POWER (SHAFT)

/
/
/

ENGINE

T

FUEL
CS-73244

VI-24




OVERALL POWERPLANT EFFICIENCY (ngp)

. (AVAIIABLE POWER) X ( USEFUL POWER )
oA FUEL POWER AVAILABLE POWER,

= (THERMAL EFRICIENCY)  x  (PROPULSIVE EFFICIENCY)

IMPROVE COMPONENTS REDUCE JET VELOCITY
RAISE CYCLE TEMP 1. HIGH BPR TURBOFANS
RAISE CYCLE PRESSURE RATIO 2 LOW F.P.R.

USE REGENERATOR 3. TURBOPROPS

Cs-73012

VI-5

REGENERATIVE CYCLE HAS SMALLER COMPRESSOR AND TURBINE

\
3

CONVENTIONAL
CYeLE LARGE TURBINE|-—-

~ REGENERATOR
HX
BURNER
REGENERATIVE SMALL —>1 SMALLER
CYCLE COMP. TURBINE
T i
P H
C8-73019
VI-Z1

OVERALL POWERPLANT EFFICIENCY Mga)

Toa* (AVAILABLE POWER) ( USEFUL POWER )

FUEL POWER AVAILABLE POWER,

- (THERMAL EFFICIENCY}  x  (PROPULSIVE EFFICIENCY)

IMPROVE COMPONENTS REDUCE JET VELOCIHTY
RAISE CYCLE TEMP 1. HIGH BPR TURBOFANS
RAISE CYCLE PRESSURE RATIO 4 LOW FP.R

USE REGENERATOR 3, TURBOPROPS

CS-73012

VI-29

ADVANCED TECHNOLOGY BENEFITS FOR TURBOFANS

5 —MODERN

| ENGINES ~PRESENT TURBOFANS
’ 20000-500° F

BPR 4,5-6.5

ASFC,
%

ADVANCED TURBOFANS
2600°-3200° £
BPR 8-15

-
/
/

2 ] 20 50
CYCLE PRESSURE RATIO cs-1009

VI-26

REGENERATIVE TURBOFANS NEED LOWER CYCLE PRESSURE RATIO

5r—
CURRENT
OF—  TURBOFANS
ST aovance
FC,
o TURBOFANS
_10 —
ADVANCED
REGENERATIVE
15— TURBQFANS
- | | |
0 10 20 30 20 50 s
CYCLE PRESSURE RATIO om0

VI-28

THE POTENTIAL OF LOW FAN PRESSURE RATIOS
FLIGHT MACH NO. 0.8
1.0~<__ ,~TURBOPROP
-~

/o~
/ -~

PROPULSIVE
EFF

7
£ UNCONVENTIONAL N\
- > TRADITIONAL
= T SHORT COWL / NACELLE
=
e———
2 C— ==
0 ] | | J
1.0 12 1.4 L6 L8
FAN PRESSURE RATIO €s-73016
VI-30




QCSEE UTW ENGINE

kY
‘_REDUCTION GEARS
\_VARIABLE PITCH FAN BLADES  cs 13730

VI-31

PROPELLER EFFICIENCY TRENDS

L 0‘_ LOW POWER LOADING MODELS (1950'S) O
HI POWER LOADING EST (1985) N7

9 EST 1960 RUSSIAN IECHq‘

PROPELLER
£FF
\
\ELECTRA
| |
8 9
C8-7%14
WORLD JET FUEL CONSUMPTION
40
30
% FUEL
BURNED >

A 4 1 1 1
0 1000 2000 3000 4000 5000
©8-73719 FLIGHT STAGE LENGTH, S MILES

VI-%

SHORT COWL TURBOFAN

SMALL NOISE
SUPPRESSION AREA-
\

“-AERQELASTIC

FLOW STRESSES IN BLADES

SEPARATION )

AT INLET LIP~ crrome

POTENTIAL FUEL SAVINGS OF FUTURE AIRCRAFT

POWERPLANTS
200 PASSENGER AIRLINER, 3000 N MI RANGE, 36 000 FT ALTITUDE

L2~

L0~ MODERN TURBOFAN

20%

RELATIVE

TRIP FUEL .8#— ADVANCED TURBOFAN i

ADVANCED TURBOPROP

) 1 ]
ce-Taeee DESIGN FLIGHT MACH NO,

vI-4

FUEL REDUCTION POTENTIAL

CURRENT ENGINES
RESTORE LOST PERFORMANCE ¥
USE ADVANCED TECHNOLOGY IN DERIVATIVE ENGINES 5%

FUTURE ENGINES

THIRD GENERATION TURBOFAN 10 T0 20%
UNCONVENTIONAL ENGINES 20 T0 40%
€8-73007
VI-36



VII. COMPOSITES FOR FANS AND COMPRESSORS

Tito T. Serafini




SCHEMATIC DIAGRAM OF TURBOFAN ENGINE

e INTERMEDIATE
[]oweme B ovo I HeH TEmp
FAN rEARLY COMPRESSOR  STATOR - TURBINE
BLADES 7 | BLADES VANES7 I BLADES
\ 1

]
Cs-13101
VII-1

BENEFITS FROM COMPOSITE MATERIALS

WEIGHT SAVINGS
24 TO 30% (FAN ROTOR ASSEMBLY)
24 TO 46% {FAN FRAME)

FUEL SAVINGS
1.91 70 3,5%
(80 TO 120 MILLION GALYR)

REDUCED OPERATING COSTS
282 TO 4,64%
55 TO 9 MILLION $/YR)

CS-734%9

VII-3

ADVANTAGES OF COMPOSITES OVER METALS
saicb ROOM TEMP DATA

S GLASS/EPOXY

GRAPHITE/EPOXY

SPECIFIC 3 BORON/EPOXY

STRENGTH,

N, GRAPHITE/EPOXY

%

METALS, [ | |
100 200 300 400 500x10P
SPECIFIC MODULUS, IN. cs-THm

VII-5

BENEFITS FROM COMPOSITE MATERIALS

COMPONENTS MATERIALS BENEFITS
FAN BLADES RESIN MATRIX REDUCED ENGINE WT
AL MATRIX
METAL Rl REDUCED FUEL CONSUMPTION
FAN FRAME RESIN MATRIX REDUCED OPERATING COSTS

INCREASED RETURN ON

FAN CONTAINMENT  RESIN MATRIX INVESTMENT

RING

C5-73467

VII-2

MAJOR THRUSTS OF COMPOSITES RESEARCH

IMPROVED MATERIALS & FABRICATION METHODS
PROVIDE FOD RESISTANCE TO MEET FAA REQUIREMENTS

DEVELOP DESIGN & ANALYSIS PROCEDURES

C5-73456

VII-4

USE TEMPERATURES OF COMPOSITE SYSTEMS
UNDER CONSIDERATION

GRAPHITE/EPOXY :-

BORON/EPOXY

i e — |
BORON/POLYIMIDE

BORON/ALUMINUM

| | | ]
0 20 400 600 800
TEMPERATLIRE, O

VII-6

COMPARISON OF CONVENTIONAL AND IN SITU PMR
FABRICATION PROCESSES

CONVENTIONAL FABRICATION PROCESS

MONOMERS
POLYMERIZATION
PACKAGING
SHIPMENT
STORAGE
PREPREG FAB
PACKAGING
SHIPMENT
STORAGE
ASSEMBLY
MOLD

VIT-7

IN SITU PMR PROCESS

MONOMERS
MIXING VESSEL
PREPREG FAB
ASSEMBLY
MOLD

Cs-69020




PMR POLYIMIDE PROCESS

ADVANTAGES OF PMR POLYIMIDES

FIBER SPOOL

IMPROVED PERFORMANCE

MONOMER SOLUTION  TAKEUP DRUM IN SITU POLYMERIZATION

GREATER SAFETY

LOWER COST

CS-T3457

VII-9
BROAD GOODS

VII-8

PMR POLYIMIDE/GRAPHITE FIBER FAN BLADE

IMPROVED PROPERTIES OF PMR POLYIMIDE
GRAPHITE FIBER COMPOSITES
600 HR DATA FOR HTS GRAPHITE

FIBER COMPOSITES EXPOSED &
TESTED IN AIR AT 600° F

120
FLEXURAL 80
STRENGTH,
Kst 40
0
COMMERCIAL PMR
POLYIMIDES POLYIMIDES
CS-73460
VII-10
VIl
COMPOSITE FAN BLADE DESIG
FAA FOREIGN OBJECT INGESTION REQUIREMENTS N, ‘CONCERTS
FIBERS
GROUP OBJECTS REQUIREMENT A _~ LEADING
— EDGE SHIELD
SOLID HYBRID COMPO
I To0LS SAFE SHUTDOWN OF ENGINE BLADE DESIGN ST
TIRE TREAD
CLEANING CLOT
BIRDS 4 LB ~ FOAM
COMPOSITE | _spaR
1 GRAVEL POWER RECOVERY TO 7%% LEVEL SHELL-, /

/
- - LEADING
SAND EDGE SHIELD
ICE SPAR SHELL COMPOSITE
BIRDS UP TO 2B BLADE DESIGN
CS:TM68 CS-73463

VII-12 VII-13




NASA-IMPACT IMPROVEMENT PROGRAM

TF39 COMPOSITE BLADE

GRAPHITE/ HYBRID!

EPOXY EPOXY

13 18 8IRD 2418 81

1207 SLICE 2 07 SLICE
VII-14

LARGER DIAMETER FIBERS INCREASE INTERFIBER SEPARATION
50 VOL % FIBERS

4 MIL FIBERS

8 MIL FABERS

CS-73468

VII-16

IMPROVED IMPACT RESISTANCE
OF J79 B/AL COMPRESSOR BLADES

METHODS TO IMPROVE FOD RESISTANCE
OF B/Al COMPOSITES

LARGER DIAM FIBERS
MORE DUCTILE MATRIX
HYBRID MATRIX

LOWER TEMP PROCESSING

OPTIMIZED PLY CONFIGURATION
Ce-7462

VII-15

IMPROVED B/AL lMPACT RESISTANCE

50 VOL % FIBER

13 F1-18 47 FT-1B

5.6 MIL B IN BRITTLE MATRIX 5.6 MIL B IN DUCTILE MATRIX

68 FT-LB

8 ML B iN DUCTILE MATRIX

VIE-i7

FIBER COMPOSITE

y 90° pLY
— (-)6° pLY
(8% pLY
— 00 pLY
\

NN
NN TN
0 /), ¥ //

CS-52405
VII-19




USES THE FINITE ELEMENT METHOD

CAN BE USED TO SOLVE THE FOLLOWING GENERAL CLASSES OF

STRUCTURAL ANALYSIS AND DESIGN OF FIBER COMPOSITE BLADES

NASTRAN NASTRAN PRE- & POST-PROCESSOR COMPUTER PROGRAM
NASA STRUCTURAL ANALYSIS
== = FIBER &
MATRIX
GENERAL PURPOSE DIGITAL COMPUTER PROGRAM PROPERTIES YT .
BOUNDARY ——3 FORCES
CONDITIONS

DISPLACEMENTS

BLADE NASTRAN VIBRATION NASTRAN pLe .
AIRFOIL 'l PRE-PROCESSOR l’ POST-PROCESSOR | 7] MARCIN-OF-
STATIC STRUCTURAL GEOMETRY SAFETY

ELASTIC STABILITY

BLADE
DYNAMIC STRUCTURAL LOADS%
GENERAL MATRIX

PRINCIPAL
STRESSES

|

i

|

CS-73458 I

i

vIF2 i
|

Cs-13470

COMBINED LOADING SPECIMEN

AXIAL-TORSION-PRESSURE

COMBINED STRESS FAILURE ENVELOPES
O TRANSVERSE

J

80 20\
LONGITUDINAL=

.+. STRESS IN KS|

CS-73461

VII-23

VII-2



VIII. TURBINE MATERIALS AND LIFE PREDICTION

Hugh R. Gray




SCHEMATIC DIAGRAM OF TURBOFAN ENGINE

73 INTERMEDIATE
[Jowmme  Elpwe Il Hion TEmMP
FAN [EARLY COMPRESSOR STATOR - TURBINE
BLADES 3 | BLADES VANES  / BLADES
\

Cs-73101

VIII-1

POTENTIAL ECONOMIC BENEFITS FROM ADVANCED

AROI,
POINTS

TURBINE COMPONENTS

MAJOR CHALLENGES OF TURBINE MATERIALS RESEARCH

CHALLENGES

RESULTS

BENEFITS

INCREASE MATERIAL
USE TEMP

INCREASE MATERIAL
STRENGTH

-—

—_—

HIGHER TURBINE
INLET TEMP
REDUCED COOLING

INCREASED ROTOR
SPEED
DECREASED WT

= CONSUMPTION

== REDUCED ENGINE WT

DECREASED FUEL
INCREASED THRUST
FEWER STAGES
REDUCED COST

FUEL
SAVINGS,
-6 $200 MIL GAL
N
i 56x106
2= 45 MILLION >
. 3000MI[  2ax108
POWDER
=5/~ METALLURGY
DISKS CERAMIC
Lo DIRECTIONALLY SHROUDS
SOLIDIFIED
EUTECTIC
1.5 BLADES
CERAMIC
VANES Cs-73110
VIII-3

MICROSTRUCTURE OF NASA-TRW VI A ALLOY

10um
|

Vi-A POWDER PRODUCT

Cobi862

VIII-5

INCREASE INCREASED TIME DECREASED
COMPONENT LIFE = BETWEEN = MAINTENANCE COST
OVERHAUL INCREASED
RELIABILITY
Cs-73102
VIII-2

PROJECTED STRENGTH OF TURBINE DISK ALLOYS

s PREALLOYED
POWDER
ALLOYS
200} .
‘5.‘?[’DF CONVENTIONALLY 11B-7
STRENGTH, AST
Ksl <
100}— < INCONEL 718
Nz
- A-286
0 | | | | |
1950 1960 1970 1980 19% 2000
VEAR CS-73103
VIII-4

PREALLOYED POWDER PROCESS SAVES MATERIALS

AND PROCESSING STEPS

PREALLOYED POWDER PRODUCTS FORGED PRODUCTS

N
N K inoucmion
INDUCTION o ~1 " mar
MELT '
ARC REMELT
INGOT
ROWER FORGE:
EXTRUDED
BLANK
9 PREFORM
SUPERPLASTICALLY
CORMED SHAPE @ @ FINAL

\@/

FINISH MACHINED DISK

C€8-73112

VIII-6




PREALLOYED POWDER PROCESS REDUCES COST OF DISK PREALLOYED POWDER PROCESS PERMITS ADVANCES
IN DISK TECHNOLOGY

WIDELY USED RECENTLY DEVELOPED 11B-7
FORGED DISK ALLOY FORGED DISK ALLOY PREALLOYED POWDER
DISK ALLOY
TENSILE 170 KSI 19 Ksl 240 KsI
1200 F - crpeng

3.0 IN. THICK 23 IN. THICK
20% LIGHTER

MATERIAL SAVED BY POWDER PROCESS 162 LB OR 4%

a
TOTAL MACHINING REQUIRED
BY POWDER PROCESS 53 LB OR 27 1\\
BY FORGING PROCESS 215 LB OR 60%
£3e12s16 Cs-73111
VIII-7 VIII-8

CONTROLLED GRAIN STRUCTURE IN CAST BLADES

PROJECTED USE TEMPERATURE OF TURBINE
BLADE ALLOYS

2200—
DIRECTIONAL
2000|— STRUCTURES 1%
W-FIBER SUPERALLOY
COMPOSITES
use 1800 CONVENTIONALLY - EUTECTICS
TEMP, CAST
OF <
1600— X" -D.S. MAR M-200 + Hf
- MAR M-200 + Hf
1800 - UDIMET 700
1200 | | 1 | J
1950 1960 1970 1980 1990 2000
YEAR CS-73104 X
VIII-9 CONVENTIONALLY CAST DIRECTIONALLY SOLIDIFIED _——
COURTESY PRATT & WHITNEY AIRCRAFT
VITI-10
TURBINE BLADE OF y/y' - & D.S. EUTECTIC ALLOY ADVANCED TURBINE BLADE ALLOYS REQUIRE

PROTECTIVE COATINGS
2200° F, STATIC AIR

Yi'-8 + NiCrAlY + Pt COATING

WEIGHT  ~¢[~
CHANGE, yi'-6 + NiCrAl COATING
MG/CM

61—

UNCOATED yh'-b

! -8 | | | |
0 20 4 60 8 100
TIME, HR

1000 x

Cs-73106

VIII-11 VIII-12




\IMPROVED SHEAR STRENGTH FOR Y/Y’— 8 EUTECTICS PROJECTED USE TEMPERATURE OF TURBINE
VANE MATERIALS

40—
— 7 o
ULTIMATE
| TENSILE
SHEAR STRENGTH 20001
sm'g«'cm, TOOTH
20— SHEAR OXIDE DISPERSION
USE TEMP. ool STRENGTHENED
SHEAR RUPTURE £ SUPERALLOYS
STRENGTH NI apas
10— A'-RooT DESIGN 0ODS-NiCrAl
CONDITIONS | CONVENTIONALLY  /&_L o
1200 14%10 (Eoo rcast S
1 - WAZ-16
TEMPERATURE, °F esraor ATT D-NiCr
1800”7 | | | J
VII-13 1950 1960 1570 1980 1090 2000
YEAR cs-1310
VIII-14
OXIDATION RESISTANCE OF CERAMICS BEST IMPACT STRENGTH VALUES FOR SiC
MACH 1, 2200° F, 1 HR CYCLES
10—
HOT-PRESSED SiC 12 ] &
10— 24000 F
COMMERCIALLY
weighr 10 \COATED TD-NiCr 8/~ SPECIMEN: UNNOTCHED CHARPY
CHANGE IMPACT ©.25x05xL5IN.)
MGiCM? STRENGTH,
-20 IN. -LB
.30__
Sic TD-NiCr ; A
-40 L - NO  2VI0SiC 10VIOC IMPH.P. SURFACE ENERGY
0 40 80 120 ADDITION ~ WHISK,  FIBER  PROCESS. IN ABSORB.
TIME, HR ADDITION ~ ADDITION COMPRESS. ~ SURF.
LAYERS
e
VITI-IS ceTones 1970 1972 1973 1973 1974

VIII-16

TURBINE COMPONENT LIFE PREDICTION PROGRAM
MATERIAL TESTS RIG TESTS COMPONENT

PERFORMANCE
FURNACE
1. TENSILE
2. CREEP
3. MECHANICAL —
FATIGUE
4. OXIDATION
—

CS-64921

5. THERMAL FATIGUE

VIII-17
VIII-18




NASA - LEWIS DEVELOPMENTS FOR

FATIGUE LIFE PREDICTION

1964 - UNIVERSAL SLOPES LOW & INTERMEDIATE TEMPS

1966 - 10% RULE HIGH TEMPS

1971 - STRAINRANGE PARTITIONING  HIGH TEMPS

Cs-72379

VIII-19

CHARACTERIZATION OF MATERIAL BEHAVIOR BY
STRAINRANGE PARTITIONING

,~NO CREEP (PURE FATIGUE)
/ ~COMP CREEP ONLY
/7 /~TENS & COMP CREEP
g /{ / ~TENSILE CREEP ONLY

CcycLc
RANGE
OF
STRAIN

STRESS

STRAIN

CYCLES TO FAILURE Cs-72472

VIII-21

STRAINRANGE PARTITIONING PREDICTS CYCLIC LIVES

1°1 12 ALLOYS P
IRON-BASE /s
NICKEL-BASE A

1A COBALT-BASE o
TANTALUM-BASE o

COPPER-BASE /o 2%}
OBSERVED ““FACTORS OF 2 ON LIFE

CYCLES TO 103F ¥

FAILURE /
102 /

lo 1 1 1 J
10 102 10 104 100
CYCLES TO FAILURE - CALCULATED BY
STRAINRANGE PARTITIONING )

VIII-23

SIMPLE CYCLIC DEFORMATION MODELS
FOR STRAINRANGE PARTITIONING

v SUP PLANE
y ENLARGED
POLYCRYSTALLINE ‘ VIEW
FATIGUE SPECIMEN g
$ < GRAIN BOUNDARY
[}
FAST CYCLING e SLOW CYCLING
(1 CISEC) (1 CIENGINE START)
t i
) 1

NO CREEP (PURE FATIGUE) TENSILE & COMPRESSIVE CREEP
Cs-73109

VIII-20

FATIGUE FRACTURES OF 316 STAINLESS STEEL AT I300°F

TENSILE CREEP = 0, 015% COMPRESSIVE CREEP = 0. 016%

Np = 15 Np = 264 Cs-73115
(INTERGRANULAR} (TRANSGRANULAR)

VIII-22

SCHEMATIC DIAGRAM OF TURBOFAN ENGINE

= INTERMEDIATE
[ tow v B e [ i Tene
FAN rEARLY COMPRESSOR STATOR - TURBINE
BLADES;: '\ BLADES VANES‘7 ,/ BLADES
\

C8-73101

VIII-24




IX. COMPRESSOR AND TURBINE TECHNOLOGY
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AUXILIARY ENGINE FRONT VALVE SERIES - PARALLEL
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AUGMENTOR WING REAR VALVE TURBOFAN/TURBOJET
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TURBO-AUGMENTED CYCLE MMIPS CYCLE
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SCAR ENGINE IMPROVEMENTS RELATIVE TO SST
DUCT-BURNING TURBOFAN

IMPROVED COMPONENT / BYPASS FLOW SUPPRESSIoN
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ROADMAP

MISSION CHOICE
CYCLE CONSIDERATIONS

) ENGINE EVALUATION
STUDY RESULTS
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ENGINE COMPARISONS
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LS—
1965
Lal— AFTERBURNING
TURBOJET
L3—
Lo SCAR LOW-BYPASS ENGINES
REL TOGW
L1 3
L0~  SUPPRESSED 2
9 UNSUPPRESSED
. | | ! ! | |
-0 5 FAR% 5 10 15 2

e SIDELINE JET NOISE, EPNGB

XIv-11

VARIABLE CYCLE CONCEPTS — REAR VALVE VCE
TAKEOFF & SUPERSONIC CRUISE - 2 PARALLEL TURBOJETS
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ROADMAP

MISSION CHOICE

CYCLE CONSIDERATIONS
ENGINE EVALUATION

) STUDY RESULTS
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TECHNOLOGY FOR SCAR ENGINES
DISCIPLINE BASE SPECIFIC
ACousTICS NOISE SOURCES COANNULAR SUPPRESSION
SUPPRESSION FLIGHT EFFECTS
COMBUSTORS | CLEAN PRIMARY COMBUSTORS|LOW CRUISE NOX
CLEAN AUGMENTORS
CONTROLS FULL-AUTHORITY ELECTRONIC
FANS, HIGH AERO LOADING HIGHLY VARIABLE FLOW
COMPRESSORS, | ADVANCED COOLING LARGE FIBER BAI COMPOSITES
& TURBINES | MATERIALS
INLETS & MIXED COMPRESSION INLETS | INLET STABILIZATION
NOZZLES EXHAUST SYSTEM AERO COANNULAR NOZZLE AERO
SIC COMPOSITES
UNIQUE FLOW CONTROL VALVES
COMPONENTS SUPERSONIC FAN

ENGINE COMPARISONS

ADVANCED AIRFRAME
L5— [EARLY VCE'S
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STUDY RESULTS & OBJECTIVES
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CURRENT AIRCRAFT SCAR STUDIES
WIDE-BODY | CONCORDE | PRESENT | GOAL
TOGW, LB ~750000 | ~400000 | 760000 | 600000
PAX ~3% 1% 0 70
RANGE, N MI ~5000 ~3200 ~4000 | 3800-4000
MCRUISE 08 2.0 2227 | 2225
90 dg FOOTPRINT, | ~10 70 ~0 10-20
w2
REL OPER COST/ | 1.0 3,2 1.4 |10
SEAT, MI
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NASA HYPERSONIC PROPULSION RESEARCH

NASA HYPERSONIC RESEARCH ENGINE
STRUCTURAL ASSEMBLY MODEL (SAM)

® HYPERSONIC RFSFARCH FNGINE PROJECT
® LANGLEY MODULAR SCRANUET
® X-24C RESEARCH AIRPLANE
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NASA HYPERSONIC RESEARCH ENGINE
AEROTHERMODYNAMI C INTEGRATION MODEL (ALM) SCRAMJUET MODULE CONCEPT
’ o FIXED GEOMETRY MACH 3 TO 10
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SCRAMJET COMBUSTOR MODEL
STRUT INJECTOR SIMULATION

MACH 2.7 /1
NOZZLE

WALL PRESSURE 1

0 w
INJECTORS 2 LENGTH

STATUS
® ARC HEATER SHAKEDOWN
COMPLETED TO FULL POWER

@ FACILITY CALIBRATION IN PROGRESS

® ENGINE MODULE INSTALLATION
UNDERWAY
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JOINT NASA-USAF X-24C RESEARCH AIRPLANE
CAPABILITY FOR INTEGRATED SCRAMJET SYSTEM DEMONSTRATION
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EXIT FUEL DISTRIBUTION
STOICHIOMETRIC INJECTION *

HYDROGEN

-

SCRAMJUET ENGINE RESEARCH PROGRAM

INLET DEVELOPMENT ~ SUBSCALE HEAT SINK ENGINES
TESTS - M = 7 (LRC) M = 4 (AEDC)

'ﬁ‘ LRC_ SCRAMUET |

FACILITY

FULL SCALE FLIGHT-WEIGHT
ENGINE MODULE

COMBUSTOR ‘
DEVELOPMENT ‘ TESTS - M = 4 TO 7 (AEDC)
& .7 i
S8 g
< DEFINITION OF
ADVANCED ENGINE
CONCEPT
JEPLT
BASIC COMBUSTION ST ZE=" STRUCTURES AND

SYSTEMS DESIGN

RESEARCH
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NASA HYPERSONIC PROPULSION SUMMARY

HRE ACCOMPLISHMENTS
© COOLED FLIGHT STRUCTURE DEVELOPED
OHIGH LEVELS OF INTERNAL THRUST DEMONSTRATED
®BASIS FOR ON - GOING PROGRAM
LANGLEY MODULAR SCRAMUJET RESEARCH PROGRAM
O®FOCUS RESEARCH ON ENGINE - AIRFRAME INTEGRATION
©HIGH PERFORMANCE FIXED GEOMETRY INLET DESIGN VERIFIED

@ STRUT INJECTOR SIMULATION INDICATES ADEQUATE MIXING
@MACH 7 ENGINE TESTS GETTING UNDERWAY

X-24C RESEARCH AIRPLANE

OVERSATILE DESIGN WITH BROAD FLIGHT RESEARCH CAPABILITY
®OPPORTUNITY FOR COMPLETE SCRAMJET SYSTEM DEMONSTRATION
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